frequency of non-insulin-dependent diabetes mellitus dissection of LHA regions followed by enzymatic dispersal of tissues. EGFP-expressing orexin neurons were and increased body mass index (Honda et al., 1986;  identified orexin/EGFP mice (Ϫ61.4 Ϯ 4.9 mV and 5.5 Ϯ 3.9 Hz, In order to identify orexin-containing neurons for din ϭ 24). This may suggest that orexin neurons in slice rect electrophysiological recording, we generated transpreparations have robust innervation from inhibitory genic mice expressing GFP exclusively in these neurons.
neurons within the slice. In the present study, we used We demonstrate that isolated orexin neurons are able only isolated neurons showing resting potentials beto monitor humoral and neural indicators of energy ballow Ϫ45 mV for further analysis. Typical action potentials ance in mice. To probe the physiological relevance of of isolated neurons ( Figure 2A ) were followed by a narthis interaction, we show that the presence of orexin row shoulder and deep, brief after-hyperpolarizations in neurons is required for mice to respond appropriately all orexin neurons examined, regardless of donor age, to fasting by increasing wakefulness and locomotor acgender, or transgenic line (data not shown). tivity.
Extracellular Factors that Influence the Activity Results of Orexin Neurons
To characterize which extracellular factors directly modSpecific Expression of a GFP Transgene ulate the activity of orexin neurons, we first collected in Orexin-Containing Neurons data from dissociated single neurons in order to exclude Because orexin neurons of the LHA are diffusely distribconfounding synaptic effects. We applied various neuuted and lack distinct morphological features, it is chalrotransmitters and neuromodulators in superfused solulenging to directly examine their electrophysiological tion during continuous recording (Table 1) . Like most activity and regulation. To facilitate identification of ore-CNS neurons, all orexin neurons examined (10/10) were xin neurons, we generated transgenic mouse lines in robustly depolarized (with associated increase in action which the enhanced green fluorescence protein (EGFP) potential frequency) by a relatively low dose of glutais expressed under control of the human prepro-orexin mate (10 M) and hyperpolarized (with associated inhibipromoter (orexin/EGFP transgenic mice) ( Figure 1A ). Untion of action potentials) by a relatively low dose of GABA der fluorescence microscopy, we observed green fluo-(10 M) (Table 1 ). This suggests that these neurons rescent neurons in LHA regions of all orexin/EGFP transmay be regulated indirectly via excitatory and inhibitory genic lines examined ( Figures 1B and 1C) but not in synaptic contacts from within the LHA and/or other brain the brains of wild-type littermates (data not shown). Imregions. In addition to these amino acid neurotransmitmunostaining of brains from orexin/EGFP mice with ters, isolated orexin neurons responded to three other anti-orexin antibody revealed that fluorescence was exfactors tested under our experimental conditions: gluclusively observed in orexin neurons: no ectopic exprescose, leptin, and the recently identified neuropeptide sion of EGFP was observed throughout brains in any of ghrelin (Kojima et al., 1999) . the transgenic lines. Furthermore, cytoplasmic samples Physiological extracellular solution utilized in this from eight randomly selected EGFP-positive cells were study contained 10 mM glucose. We found that changes collected and subjected to single-cell RT-PCR in order in extracellular glucose concentration produced electroto confirm the expression of orexin mRNA. No orexin physiological changes in 12/14 cells. Increasing glucose mRNA was detected in non-EGFP-expressing neurons from 10 to 30 mM induced a striking hyperpolarization examined ( Figure 1D ). Up to 80% of orexin-containing (from 45.4 Ϯ 1.8 mV to 62.1 Ϯ 1.1 mV, n ϭ 10, p Ͻ 0.0001), neurons from two transgenic mouse lines robustly fluoand cessation of action potentials in 8/10 isolated orexin resced. Fluorescence in remaining orexin neurons probneurons (Table 1 , Figure 2B ). Conversely, decreasing ably fell below the detection limit since staining with glucose concentration to 0 mM induced depolarization anti-EGFP antibody revealed EGFP-like immunoreactivand increased the frequency of action potentials ity in Ͼ95% of orexin neurons from transgenic brains (174.4% Ϯ 15.8% compared to 10 mM glucose, p ϭ (data not shown).
0.02) in these same neurons. Responses to smaller shifts of glucose concentrations were also observed in orexin Whole-Cell Patch-Clamp Recordings neurons; decreasing glucose concentration from 10 to from Orexin Neurons 5 mM induced a depolarization of resting potential to We examined the electrophysiological characteristics 41.4 Ϯ 2.9 mV (p ϭ 0.01), while increasing glucose conof orexin neurons by two methods. Primarily, we isolated centration from 10 to 15 mM induced a hyperpolarization to 61.2 Ϯ 3.9 mV in 4/4 neurons tested (p Ͻ 0.0001). orexin neurons from orexin/EGFP transgenic mice by We also found that neuroendocrine factors influenced nM leptin (p Ͻ 0.0001). Higher (30 nM) and lower (3 nM) doses of leptin also inhibited orexin neurons in a doseorexin neuron activity. The orexigenic peptide ghrelin (10 nM) activated 6/9 orexin neurons when applied in dependent manner (data not shown). These doses of leptin are similar to those generally used in electrophysisuperfused solution (Table 1, Figure 2C ) with depolarization and increases in action potential frequency ological experiments (Spanswick et al., 1997). Notably, insulin exerted no direct effect on electrophysiological (184.4% Ϯ 15.5%, n ϭ 5, p ϭ 0.02). In contrast, bath application of leptin was found to robustly inhibit 7/9 characteristics of these cells (n ϭ 5, data not shown). We further examined dose-response effects of these orexin neurons examined, causing hyperpolarization and a decrease in firing rate (Table 1, Figure 2D ). The peptidic factors to the resting membrane potentials of orexin neurons, using hypothalamic slice preparations mean resting potential was 47.6 Ϯ 2.7 mV before and reached 62.1 Ϯ 1.4 mV 5 min after administration of 10 under the presence of tetrodotoxin, which was found to 0-12 of fasting) in wild-type mice (7.9 Ϯ 0.5 min versus genic and weight-matched wild-type littermates during exposures to a novel open field arena under fed and 12.2 Ϯ 1.8 min for fed and fasted states, respectively; p ϭ 0.006), but not in orexin neuron-deficient mice (2.5 Ϯ fasted conditions. Based on the findings in our fasting EEG/EMG studies, activity under baseline fed conditions 0.3 min versus 4.5 Ϯ 0.7 min). This effect was even more pronounced during the following light phase (hours and hours 24-31 of a fast, which encompassed segments of both light and dark phases, were determined 12-24 of fasting) in wild-type mice (9.2 Ϯ 0.5 min versus 13.7 Ϯ 0.7 min; p ϭ 0.0001), but again not in orexin by monitoring interruption of infrared light beams in the horizontal and vertical planes of the arena. We also neuron-deficient mice (4.7 Ϯ 0.3 min versus 5.9 Ϯ 0.7 min). This indicates that orexin neurons are also required measured body weights before and after fasting to examine metabolic responses to fasting in each genotype. for inhibition of REM sleep onset under fasted conditions.
Under baseline fed conditions during the light phase, both wild-type and orexin/ataxin-3 mice exhibited a robust exploratory response to novelty followed by a Orexin Neuron-Ablated Mice Fail to Exhibit Increased Exploration during Fasting phase of complete habituation (defined operationally as the period in which activity no longer exhibited statistical Changes in sleep/wake states in fasting mice may indicate changes in activity and foraging behavior given change over time) by the third hour of the experiment ( Figure 6A ). With onset of the dark phase when mice environmental conditions in which food might be found. Presented with a novel environment, mice normally exare generally most active, fed mice of both genotypes exhibited normal timing of circadian increases in activhibit an exploratory phase with high levels of motor activity followed by habituation and resumption of nority. In accordance with previous observations, the quantity of locomotor activity in fed orexin/ataxin-3 mice was mal circadian activity patterns (Valentinuzzi et al., 2000) . We reasoned that an increased drive toward food-seekmildly reduced compared to normal controls (Hara et al., 2001 ). ing behavior in fasting mice would result in increased exploratory activity when fasted mice are presented with Under conditions of food deprivation, wild-type mice exhibited a more pronounced prolongation of the exthe challenge of a novel environment. We examined whether orexin neuron-ablated mice might differ from ploratory phase than orexin/ataxin-3 mice ( Figure 6A ). During the time period in which mice of both genotypes normal mice in this response.
We monitored the distance traveled, stereotypic activwere habituated under fed baseline conditions, statistical analysis that took into account the differences in ity, and other motor parameters of orexin/ataxin-3 trans- The deficient locomotor response of the orexin neugroups are associated with differences in fasting meta-bolic rate. Overall, however, the robust behavioral cellular glucose concentrations. So called glucoseresponsive neurons of the medial hypothalamus are actichanges observed in food-deprived wild-type mice are consistent with an adaptive exploratory response revated by high glucose levels and may function to suppress feeding behavior (Oomura and Yoshimatsu, 1984). quired for increased food-seeking behaviors and contrasts with the failure of orexin/ataxin-3 transgenic mice Less well described are glucose-sensitive neurons in LHA, which are inhibited under high glucose concentrato respond normally. tions and may participate in stimulating food intake (Oomura and Yoshimatsu, 1984).
Discussion
We found that increasing glucose concentrations induced a striking hyperpolarization and cessation of acTechnical Considerations tion potentials in isolated orexin neurons, whereas insuIt has been difficult to identify orexin neurons in the lin elicited no direct electrophysiological effect in these hypothalamus without an electrophysiologically discells. Conversely, decreasing glucose concentration incernible marker, and to date, only one recent study has duced depolarization and increased the frequency of been published that examined the activity of these neuaction potentials in these neurons. In support of these rons by utilizing post hoc identification (Eggermann et findings, we demonstrated hyperglycemia in the context al., 2003). In the present study, we generated orexin/ of murine leptin deficiency and diabetes is associated EGFP transgenic mice in which green fluorescence can with abnormally low hypothalamic orexin expression, be used as a reliable marker for identifying orexin neuand interventions that normalized blood glucose (leptin rons among dispersed cells or within brain slice preparatherapy or reduced food availability) normalized or even tions. We used dispersed orexin neurons from these increased orexin expression compared to normal levels. 
